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The third-order nonlinear optical susceptibility xc3’(3w) due to the intersubband transitions in the 
four-level AlInAs/GaInAs compositionally asymmetric coupled quantum well (CACQW) is 
investigated theoretically. The subband eigenenergy E, of the CACQW structure could be designed 
to form an equally spaced energy-level ladder. Since the eigenenergy spacing could be designed to 
resonate with the pumping source, the third-order nonlinear optical susceptibility could be greatly 
enhanced through the triple resonance. Based on the theoretical calculations, a magnitude of 
Ix’~‘(~o)[ as high as 2.2X105 (nm/V)2 can be achieved for the CACQW structure. This is a more 
than eight orders of magnitude enhancement as compared to that of the bulk value in GaAs. In 
addition to the design of CACQW structure, the triple resonance can also be achieved by biasing the 
CACQW under a proper electric field due to the large Stark effect of the CACQW structure. 
I. INTRODUCTION 
Quantum confinement of carriers in a semiconductor 
quantum well’ leads to the formation of discrete subbands. 
Transition between these subbands of the quantum well has 
extremely large oscillator strength and relatively narrow line- 
width. The linear intersubband optical absorption of the 
quantum well has been studied experimentally and a very 
large and sharp optical-absorption resonance were 
observed.2-6 This large dipole moment for the intersubband 
transition suggests that a very large optical nonlinearity may 
exist for the semiconductor quantum well. Recently, the op- 
tical nonlinearities associated with intersubband transitions 
at X-10 ,um in various quantum-well structures have been 
theoretically investigated7-” and very strong second-order 
nonlinear effects have been observed in the multiple quan- 
tum wells under the applied electric field,‘* the step quantum 
well i3-r6 and the asymmetric coupled quantum wells 
(A&W). 17,18 These observed second-harmonic susceptibili- 
ties are several orders of magnitude larger than that of the 
bulk semiconductor. Similarly, a very large third-order non- 
linear optical susceptibility ,yc3’(3w) can be expected in a 
quantum-well structure due to its fourth power dependence 
on the dipole moment.‘9’20 The observed third-order inter- 
subband nonlinearity Ix(~)(~o)[ at X-10.7 pm pump wave- 
length measured by Sirtori et al.*’ in an AlInAs/GaInAs 
coupled-quantum-well structure is about seven orders of 
magnitude larger than that of the bulk value in GaAs. 
The four-level AIInAs/GaInAs compositionally asym- 
metric coupled quantum well (CACQW) (Fig. 1) is studied 
here. The subband eigenenergy E, of the CACQW structure 
‘)Author to whom correspondence should be addressed. 
could be designed to form an equally spaced energy-level 
ladder. Thus, the third-order nonlinear optical susceptibility 
of the CACQW can be greatly enhanced through the triple 
resonance. A CACQW consists of a pair of quantum wells 
with different depth AU separated by a thin barrier. The 
depth of each quantum well can be controlled by the com- 
position of the quantum well. In this study, a Gao,,Ino,s3As 
layer is assumed for the deep quantum well, a GaJn, -xAs is 
assumed for the shallow quantum well, and an A10,@,Itra5.& 
is used as the barrier. The CACQW with this extra design 
parameter of the AU will render easy control of the subband 
eigenenergy level and the dipole moment. Both the eigenen- 
ergy of the ground state Et and the eigenenergy of the sec- 
ond excited state E3 are nearly independent of AU, while the 
eigenenergy of the first excited state E2 and the eigenenergy 
of the third excited state E, are raised with AU. Thus, it is 
possible to obtain a very large value of the third-order non- 
linear optical susceptibility through triple resonance by plac- 
ing E, in the middle of E r and E,, and E, in the middle of 
E, and E,. In addition, the triple resonance can also be 
achieved by applying a proper electric field due to the en- 
hanced Stark effect for the CACQW structure.21 In this ar- 
ticle, the AlInAs/GaInAs material system is assumed for this 
quantum-well structure and only the left-hand-side wells are 
assumed to be doped with silicon (doping concentration is 
about 5.OX1O17 cmw3). The pumping source is assumed to be 
the X=10.6 pm CO, laser line corresponding a photo energy 
ho of about 117 meV. 
In this article, the dependence of the third-order nonlin- 
ear optical susceptibility on the quantum-well width and the 
composition of the Ga,In,-,As quantum well is investi- 
gated. Subband envelope wave functions and eigenenergies 
are calculated self-consistently by simultaneously solving the 
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FIG. 1. Schematic diagram of an AlInAs/GaInAs CACQW structure. Both 
quantum wells have identical well widths of 60 I% The barrier thickness is 
11 A and the barrier height is 550 meV. The quantum-well depth difference 
AU is 130 meV. The positions of the calculated eigenenergy subbands 
and the corresponding modulus square of the envelope wave function are 
also shown. 
Schrodinger equation and Poisson’s equation.*l The Schrij- 
dinger equation is solved by the transfer-matrix method and 
Poisson’s equation by the numerical integration. The energy- 
dependent effective mass due to energy-band nonparabolicity 
is also taking into account in this article.** This analysis is 
then employed to determine the energy-band non- 
parabolicity-induced lowering of the subband eigenenergy. 
Based on the theoretical calculation, the CACQW do give a 
very strong third-order nonlinear optical effect. A third-order 
nonlinear optical susceptibility as high as 2.2X105 (no)* 
can be achieved for the CACQW structure. This is a more 
than eight orders of magnitude enhancement as compared to 
that of the bulk value in GaAs. 
This article is organized as follows. In Sec. II a theoreti- 
cal basis for the calculation is laid, and In Sec. III graphs 
from numerical calculations are presented along with the dis- 
cussion. A conclusion is presented in Sec. IV. 
II. THEORY AND FORMALISM 
From the density matrix formalism, the analytic formu- 
las of the third-order nonlinear optical susceptibility can be 
expressed as23924 
- (p) - pj;)) MmnMvmMnlM~, VU (w,,-3w-ir,,)(w,,-2w-iT,,)(w~,-0-iTI,) 
where the dipole moment matrix element M,, can be calcu- 
lated from the following expression: 
I 
L,l2 Mtt,= 
-L,l2 
&ww?twz. 
L, is the total width of the coupled quantum well, 4 is the 
charge of electron, and N is the doping concentration of the 
coupled quantum well. The r operator is the matrix com- 
posed of elements F,,,, with r;A = rn,,, being the dephasing 
time between the state l#J and the state I&J and I’;: = r,,, 
being the energy relaxation time for the state I$J. 
W nm = AE,,lfi = (E, - E,)lfi is the intersubband transition 
frequency. The diagonal density matrix element p:t) equals 
to the thermal equilibrium occupation probability of the cor- 
responding state and can be expressed as23Y24 
(O)= 1 P nn l+exp[(E,-EF)I(KBT)] ’ 
where E, is the Fermi level of the system, T is the tempera- 
ture, and KB is the Boltzmann constant. From Eq. (l), to 
maximize the third-order nonlinear optical susceptibility, the 
relevant energy levels are equally spaced (triple resonance) 
and the product of the corresponding dipole matrix elements 
is maximum. In order to have this kind of triple resonance, 
eigenenergy differences AE,, = AE,,= AE,,= Tiw, AE3r 
= AE,,= 2h o, and AE4,=3fLo for the four-level quantum- 
well structures should be achieved. Thus, by properly tailor- 
ing the electronic distribution in the coupled quantum well, 
the third-order nonlinear optical susceptibility can be greatly 
enhanced. For the proposed AlInAs/GaInAs CACQW struc- 
ture as shown in Fig. 1, all the relevant matrix elements are 
very large: Ml,== 14 A, M ,-13 A, Ml,=37 t$ MB=23 A, 
M24zlO A, and M34-30 8, . The calculated eigenenergy dif- 
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ferences are AE,,-116 meV, AEs,=233 meV, and 
AE,,=345 meV. It is evident that these eigenenergy differ- 
ences observe the triply resonant condition. 
To calculate the third-order nonlinear optical susceptibil- 
ity, the energy eigenvalues and dipole moments for an elec- 
tron in a quantum well under an applied electric field should 
be calculated first. For a coupled quantum well centered at 
z=O with total well width L, under a bias electric field nor- 
mal to the well, the envelope wave function I+,, should satisfy 
the following one-dimensional Schrijdinger equation: 
h2 d2 
H+n= -g dz2 +U(z) 1Cr,=E,h,/,, 
i i 
(4) 
where U(z) = - qV(z) represents the electronic potential en- 
ergy variation, and E, and &, respectively represent the en- 
ergy eigenvalue and the envelope wave function of the n th 
bound state. The electrostatic potential V(z) in the conduc- 
tion band is determined by Poisson’s equation, 
$. = -3 [N,(z)-n(z)], (5) 
where N;(z) is the ionized donor concentration and n(z) is 
the electron density. To solve the Schrijdinger equation and 
Poisson’s equation self-consistently, an initial potential pro- 
file is first guessed. The Schriidinger equation was solved by 
the transfer-matrix method to find eigenenergies and enve- 
lope wave functions for the given potential profile. Poisson’s 
equation was then solved by numerical integration to find the 
new potential profile for the known two-dimensional electron 
gas (2DEG) profile from the Schriidinger equation. This pro- 
cess is repeated until the convergence criterion 
IVi+l(z)- V,(z)I/IVi+,/<S is reached, where Vi(Z) is the 
trial potential profile, Vi+l(z) is the resulting potential pro- 
file, and S is a small number. The energy-dependent effective 
mass due to energy-band nonparabolicity is also taken into 
account” in this article. This causes a lowering of subband 
energies of higher excited-state subbands and the lowering 
effect becomes substantial for the highest-excited-state sub- 
band. For a more detailed derivation, most materials can be 
found in Refs. 21 and 22. 
111. RESULTS AND DISCUSSION 
Based on the theory developed in the previous section, 
the third-order nonlinear optical susceptibilities ~‘~‘(30) for 
the CACQWs are evaluated in this section. All the numerical 
calculations done in this article are based on the following 
parameters unless otherwise stated: the pumping source is 
10.6 pm CO2 laser line, T=77 K, the central barrier width is 
11 A, and all of the dephasing time r,, are assumed to have 
the same value of 0.14 ps. The conduction-band-gap discon- 
tinuity and effective mass m * of the AlInAslGaInAs material 
system used here is adopted from Ref. 25. The enhancement 
of the third-order nonlinear optical susceptibility by triple 
resonance is studied for various quantum-well geometry pa- 
rameters such as the well width and the well depth. The 
electric-field dependence of the third-order nonlinear optical 
susceptibility is also been evaluated and shows a interesting 
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FIG. 2. (a) Calculated third-order nonlinear optical susceptibility 1$3)(3w)l 
as a function of the AU for the 60 kll &60 %i CACQW. (b) Calculated 
eigenenergy differences AE,, , AI?,, , and AK.,, as a function of the AU for 
the 60 K/11 A/60 8, CACQW. 
phenomena of the field-induced triply resonant enhancement 
of the modulus ]~‘~‘(30~)] of the third-order nonlinear optical 
susceptibility ~(~‘(30). 
A. Design of the quantum-well geometry 
The relation between the ],$3’(3w)] and the quantum-well 
de th 
P 
difference AU is studied in order to optimize the 
[x3)(30)] for the 10.6 pm pumping source and results are 
plotted in Fig. 2(a). Eigenenergies of both the ground-state 
subband El and the second excited-state subband E, are 
mostly controlled by the deep quantum well, while the 
eigenenergies of the first excited-state subband E2 and the 
third excited-subband E, is mostly controlled by the shallow 
quantum well. As a result, the eigenenergy differences AE,, 
and AE,, will be increased with the AU and the AE,, is 
nearly independent of AU [as shown in Fig. 2(b)]. In this 
way, to maximize the ]~(~)(3w)] of the CACQW through the 
triple resonance for the pumping photoenergy ho, a coupled 
quantum-well structure with AE3r=2h~, AE,,<3ho, and 
AE2,<fiw is designed first. Then the triple-resonant condi- 
tion AE2r=fim and AE4,=3iiw can be obtained by increas- 
ing AU to the proper level. From Fig. 2(a), it is clear that the 
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FIG. 3. Calculated third-order nonlinear optical susceptibility ,$“(3w)l as a 
function of the pumping source wavelength for the 60 t 11 A/60 A  
CACQW with AU= 130 meV (solid line) and the 60 K/11 A/60 A CACQW 
with AU=0 meV (dashed line). 
l,y(3'(3u)j peaks at AU-130 meV which gives the triple- 
resonance condition of AE,, =ho and AE41 =3b. 
In order to demonstrate the effect of the triple resonance, 
the ]~“(30)] as a function of the pumping source wavelength 
X for the triple-resonant structure is plotted along with the 
]~‘“)(30~)] of the single-resonant structure in Fig. 3. The 
triple-resonant structure employed here is a 60 &ll &60 8, 
CACQW with AU=130 meV. As for the single-resonant 
structure, the 60 &ll &60 8, CACQW with AU=0 meV is 
used. For the AU=0 meV CACQW structure, AE,r-42 
meV, AE,,=223 meV, and AEd,= meV, the correspond- 
ing resonant peaks of the ]x’~‘(~w)] located at hz11.2 and 
12.2 pm are observed in this figure. Because of 
AE3, # 2AE,, and BE,, #3AE,,, this is a single-resonant 
process. As a result, both peaks of the ]~‘~)(30~)] for the 
AU=0 meV CACQW structure are less than one-seventh of 
the peak value of ]x’~‘(~w)] of the AU=130 meV CACQW 
structure. Since AE2r=116 meV, AE,r=233 meV, and 
AE,,=345 meV for the AU=130 CACQW structure, this is 
a triple-resonant structure. As a result, only one peak of the 
I,$“(Sw)l located at X=10.7 ym is observed in Fig. 3. A 
third-order nonlinear optical susceptibility as high as 
2.2X10’ (mn/V)’ is achieved for the 60 kll &60 A 
CACQW structure with AU=130 meV at hz10.7 pm. This 
is a more than eight orders of magnitude enhancement as 
compared to the bulk value in GaAs. 
B. Effect of the applied electric field 
The method to achieve the triple-resonance condition is 
not limited to tailoring the CACQW structure during the epi- 
taxial growth. It can also be achieved through an external 
bias electric field. Third-order nonlinear optical susceptibili- 
ties ],$“(30)] are studied for the CACQW under an external 
electric field. The direction of the applied electric field is 
defined as from left- to right-hand side (i.e., positive z direc- 
tion). The ]~‘~‘(3 )I w as a function of the applied electric field 
Xld 
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FIG. 4. (a) Calculated third-order nonlinear optical susceptibilit I,$3’(30)1 
as a function of the applied electric field for the 60 A/l1 &60 1 CACQW 
with AU=100 meV. (b) Calculated eigenenergy differences AE,, , AE3 , 
and AE,, , as a function of the applied electric field for the 60 kll K/60 k 
CACQW with AU=100 meV. 
for the 60 &ll &60 A CACQW with AU=100 meV is 
plotted in Fig. 4(a). It is evident that the ]x@‘(3w)] can be 
controlled by the applied electric field. This field dependence 
of the ]x(~‘(~o)] arose from the variation of dipole matrix 
elements and the eigenenergy differences under the bias 
field. The CACQW structure possesses an enhanced 
quantum-confined Stark effect, and a large variation of AE2r 
and AE4r for the CACQW structure under the applied elec- 
tric field is expected [as shown in Fig. 4(b)]. Since the enve- 
lope wave function of both the ground-state subband El and 
the second excited-state subband E, are symmetric, both 
subband levels will be lowered by the applied electric field 
and AE,, will stay more or less unchanged. If the CACQW 
is applied with a proper positive electric field, the AE 
(23f 
=fio 
and AE4,=3ho conditions can be reached and the Ix (3o)j 
will be maximized due to the triple resonance. In this way 
the ],$3’(30)] can be enhanced by triple resonance through 
the applied electric field instead of the CACQW structure. 
IV. CONCLUSION 
Several compositionally asymmetric coupled-quantum- 
well structures have been employed to enhance the third- 
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order nonlinear optical susceptibility at 10.6 pm. The third- 
order nonlinear optical susceptibility of the CACQW has 
been calculated both with and without biased electric field by 
using the one-particle density matrix formalism. Base on the 
theoretical prediction, the third-order nonlinear optical sus- 
ceptibility could be greatly enhanced through triple reso- 
nance. The four-level CACQW structures have been de- 
signed to yield a set of equally spaced eigenenergy levels. 
The third-order nonlinear optical susceptibility for this kind 
of CACQW structure is greatly enhanced through triple reso- 
nance. Based on the theoretical calculations, a third-order 
nonlinear optical susceptibility as high as 2.2X105 (nm/V)* 
can be achieved for the CACQW structure. In addition to the 
design of CACQW structure with equally spaced eigenen- 
ergy levels, the triple resonance can also be achieved by 
biasing the CACQW under a proper electric field due to the 
large Stark effect of the CACQW structure. 
ACKNOWLEDGMENT 
This research was supported in part by the National Sci- 
ence Council of Republic of China under Contract No. NSC 
80-0417-E007-05. 
t R. Dingle, W. Wiegmann, and C. H. Henry, Phys. Rev. Len. 33, 827 
(1974). 
‘S. D. Gunapala, B. F. Levine, D. Ritter, R. A. Hamm, and M. B. Panish, 
Appl. Phys. Len. 60, 636 (1992). 
3H. Schneider, F. Fuchs, B. Dischler, J. D. Ralston, and P. Koidl, Appl. 
Phys. Len. 58, 2234 (1991). 
4B. F. Levine, S. D. Gunapala, J. M. Kuo, S. S. Pei, and S. Hui, Appl. Phys. 
Lett. 59, 1864 (1991). 
5Y. H. Wang and S. S. Li, Appl. Phys. Lett. 62, 621 (1993). 
‘C. Sirtori, J. Faist, F. Capasso, D. L. Sivco, and A. Y. Cho, Appl. Phys. 
Lett. 62, 1931 (1993). 
‘J. Khurgin, J. Opt. Sot. Am. B 6, 1673 (1989). 
*L. Tsang, D. Ahn, and S. L. Chuang, Appl. Phys. Lett. 52, 697 (1988). 
9A. Shim&u, M. Kuwata-Gonokami, and H. Sakaki, Appl. Phys. Lett. 61, 
399 (1992). 
‘“S.-Z. Li and J. Khurgin, Appl. Phys. Lett. 62, 1727 (1993). 
“X.-H. Qu and H. Ruda, Appl. Phys. L&t. 62, 1946 (1993). 
‘*M M Fejer, S. J. B. Yoo, and R. L. Byer, Phys. Rev. Lett. 62, 1041 
(l&9;. 
13E Rosencher, P. Bois, J. Nagle, E. Costard, and S. Delaitre, Appl. Phys. 
Lit. 5.5, 1597 (1989). 
14S. J. B. Yoo, M. M. Fejer, and R. L. Byer, Appl. Phys. Lett. 58, 1724 
(1991). 
“Z.-H. Chen, D.-F. Cui, M.-H. Li, C. Jiang, J.-M. Zhou, and G.-Z. Yang, 
Appl. Phys. Lett. 61, 2401 (1992). 
t6Z.-H. Chen, M.-H. Li, D.-F. Cui, H.-B. Lu, and G.-Z. Yang, Appl. Phys. 
L&t. 62, 1502 (1993). 
“C. Shtori, F. Capasso, D. L. Sivco, S. N. G. Chu, and A. Y. Cho, Appl. 
Phys. Lett. 59, 2302 (1991). 
‘sC. Sirtori, F. Capasso, D. L. Sivco, A. L. Hutchinson, and A. Y. Cho, Appl. 
Phys. Len. 60, 151 (1992). 
t9A. Sa’ar, N. Kuze, J. Feng, I. Grave, and A. Yariv, Appl. Phys. Lett. 61, 
1263 (1992). 
zoC. Sirtori, F. Capasso, D. L. Sivco, and A. Y. Cho, Phys. Rev. Lett. 68, 
1010 (1992). 
“Y.-M. Huang, C.-H. Lien, and T.-F. Lci, J. Appl. Phys. 74, 2598 (1993). 
“D. F. Nelson, R. C. Miller, and D. A. Kleinman, Phys. Rev. B 35, 7770 
(1987). 
mN. Bloembergen, in Nonlinear Optics (Academic, New York, 196.5), Chap. 
” 
24k W. Boyd, in Nonlinear Optics (W. A. Benjamin, New York, 1992), 
Chap. 3. 
=B. F. Levine, A. Y. Cho, J. Walker, R. J. Malik, D.A. Kleinman, and D. L. 
Sivco, Appt. Phys. Lett. 52, 1481 (1988). 
1012 J. Appl. Phys., Vol. 76, No. 2, 15 July 1994 Lien, Huang, and Wang 
Downloaded 17 Jan 2012 to 140.114.195.186. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions
